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Antagonists of the human immunodeficiency virus type 1 (HIV-1) coreceptor, CCR5, are being developed as
the first anti-HIV agents acting on a host cell target. We monitored the coreceptor tropism of circulating virus,
screened at baseline for coreceptor tropism, in 64 HIV-1-infected patients who received maraviroc (MVC,
UK-427,857) as monotherapy for 10 days. Sixty-two patients harbored CCR5-tropic virus at baseline and had
a posttreatment phenotype result. Circulating virus remained CCR5 tropic in 60/62 patients, 51 of whom
experienced an HIV RNA reduction from baseline of >1 log10 copies/ml, indicating that CXCR4-using variants
were not rapidly selected despite CCR5-specific drug pressure. In two patients, viral load declined during
treatment and CXCR4-using virus was detected at day 11. No pretreatment factor predicted the emergence of
CXCR4-tropic virus during maraviroc therapy in these two patients. Phylogenetic analysis of envelope (Env)
clones from pre- and posttreatment time points indicated that the CXCR4-using variants probably emerged by
outgrowth of a pretreatment CXCR4-using reservoir, rather than via coreceptor switch of a CCR5-tropic clone
under selection pressure from maraviroc. Phylogenetic analysis was also performed on Env clones from a third
patient harboring CXCR4-using virus prior to treatment. This patient was enrolled due to a sample labeling
error. Although this patient experienced no overall reduction in viral load in response to treatment, the
CCR5-tropic components of the circulating virus did appear to be suppressed while receiving maraviroc as
monotherapy. Importantly, in all three patients, circulating virus reverted to predominantly CCR5 tropic
following cessation of maraviroc.

Over the past decade, numerous advances have been made
in understanding the molecular mechanisms by which human
immunodeficiency virus (HIV) enters CD4-positive cells. These
advances have identified several potential new targets for an-
tiviral agents. Compounds targeting viral entry have two obvi-
ous advantages over those that target the HIV-1 reverse trans-
criptase or protease enzymes: entry inhibitors do not depend
on efficient cellular uptake or intracellular activation processes
to exert their biological effects, and they are highly unlikely to
show any cross-resistance with protease inhibitors or reverse
transcriptase inhibitors. Viral entry has been validated as a
clinically effective pathway for targeted intervention by the first
fusion inhibitor, enfuvirtide (24, 25). Other classes of entry
inhibitor under development target the initial binding of viral
gp120 to CD4 and the interaction of gp120 with cell surface
chemokine receptors that serve as coreceptors for HIV entry
(CCR5 or CXCR4) (7, 33).

The HIV coreceptors represent attractive targets for drug
development since they are members of the G protein-coupled
receptor superfamily, a group of proteins targeted by several
commonly used and well-tolerated drugs (e.g., desloratadine,
ranitidine, and tegaserod) (16). CCR5 is of particular interest

since a natural polymorphism exists in humans (CCR5-�32)
that leads to reduced or absent cell surface expression of
CCR5 in heterozygotic or homozygotic genotypes, respectively
(6). Individuals homozygotic for CCR5-�32 appear to benefit
from a natural resistance to HIV infection, while heterozygotic
CCR5-�32 is associated with reduced disease progression (6,
12, 26).

HIV-1 variants can be classified into those that exclusively
use CCR5 (CCR5-tropic, or R5, viruses), those that exclusively
use CXCR4 (CXCR4-tropic, or X4, viruses), and those that
can use either receptor (dualtropic, or R5X4, viruses) (1).
CXCR4-tropic and dualtropic viruses can collectively be
termed “CXCR4 using,” indicating that both viruses can infect
cells using the CXCR4 as their coreceptor. Patients whose
circulating virus is classified as “dualtropic” often harbor mix-
tures of CCR5-tropic, CXCR4-tropic, and/or dualtropic vari-
ants (37). Therefore, plasma-derived viruses that can infect
CXCR4- and CCR5-expressing cells in vitro are assigned a “dual/
mixed” tropism, unless subsequent clonal analysis identifies that
the circulating species solely comprises dualtropic variants (5).

The genetic determinants of virus tropism appear to be
concentrated within the 35-amino-acid V3 loop region of the
viral envelope protein, gp120 (21). Generally, CXCR4-using
viruses carry positively charged amino acids at positions 11
and/or 25 in the V3 loop, while CCR5-tropic viruses do not (8,
14). For example, results from the HOMER cohort of 1,191
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patients initiating antiretroviral therapy demonstrated a strong
association between a CXCR4-using phenotype and the 11/25
genotype (P � 0.0001) (3), although other analyses by the same
group showed that the 11/25 genotype was not a particularly
sensitive (30%) predictor of X4 phenotype (3, 4). Other algo-
rithms exist for predicting coreceptor tropism from gp120 se-
quence data, including position-specific scoring matrices
(PSSM) (21) and neural network approaches (35).

Almost all transmitted HIV-1 variants are CCR5 tropic; they
predominate in the asymptomatic stage of infection and persist
throughout the course of the disease. In contrast, CXCR4-
using virus tends to emerge in the later stages of the infection
in around 60% of progressing patients and its emergence co-
incides with an accelerated disease progression (22, 23, 32, 36).
However, whether CXCR4 emergence is a cause or a conse-
quence of severe immune system impairment is unknown (27),
as little is known about the mechanisms by which CXCR4
viruses are selected during the course of infection. It is also
unclear whether selective inhibition of CCR5-using strains by
treatment with a CCR5 antagonist will lead to an increased
rate of emergence of CXCR4 variants.

Maraviroc (MVC, UK-427,857) is an antagonist of the
CCR5 coreceptor with potent and specific anti-HIV-1 activity
in vitro (10). Two phase II studies have demonstrated that 10
days of maraviroc monotherapy, at doses from 100 mg to 300
mg once daily (QD) or twice daily (BID), decreased plasma
viral load by �1.0 log10 copies/ml in HIV-1-infected patients
(13). In these two studies, a total of 64 patients prescreened for
the absence of CXCR4-using virus were treated with maraviroc
for 10 days. One patient was subsequently found to harbor
virus with a dualtropic phenotype at baseline and had been
inadvertently enrolled because of a sample switching error at
screening. The objectives of the study presented here were to
monitor virus tropism in patients following maraviroc mono-
therapy and to characterize in detail viruses from any patients
harboring CXCR4-using virus in order to determine the ori-
gins of the emergent CXCR4-using variants.

MATERIALS AND METHODS

Clinical trial design. Trials A4001007 and A4001015 were designed to evalu-
ate the effect of short-term monotherapy with maraviroc on viral load and to
assess its safety and tolerability in HIV-positive patients. Eighty patients were
prescreened for the presence of CCR5-tropic virus before being treated with
either placebo or maraviroc as monotherapy for a period of 10 days. Maraviroc
was administered at doses ranging from 25 mg QD to 300 mg BID. The primary
efficacy endpoint was the change in viral load from baseline to day 11. Patients
were followed up for 30 days posttreatment. The trial designs and clinical results
are described in detail elsewhere (13).

Coreceptor tropism analysis. Circulating virus was tested from the plasma of
patients using the PhenoSense HIV Entry assay for coreceptor tropism (Mono-
gram Biosciences Inc., South San Francisco, CA) (5). The entire HIV envelope
coding sequence was amplified from plasma samples by PCR and was ligated into
a pCXAS expression vector to create an envelope expression vector library. Virus
particles carrying envelope glycoproteins derived from the plasma virus were
produced by transfecting HEK293 cells with the purified envelope expression
vector library and an HIV-1 genomic vector lacking the envelope-encoding
region and containing a firefly luciferase gene. The ability of the pseudoviruses
to infect U87 cells expressing CD4 and either CCR5 or CXCR4 was assessed by
measuring luciferase relative light units (RLU). Plasma virus was assigned a
particular tropism if infection of cells expressing the relevant coreceptor resulted
in an RLU reading above the background. Tropism was confirmed by the inhi-
bition of viral replication in each cell type by a specific coreceptor inhibitor.

For the clonal analysis of plasma-derived virus, approximately 100 to 200
individual Env clones were prescreened for viability and tropism in single-well

cultures of CCR5- or CXCR4-expressing cells. At each time point, 12 viable
clones were selected for confirmation of the prescreening phenotypic tropism
assignment and Env sequencing for genotypic tropism assignment and phyloge-
netic analysis. Sequencing was carried out using Big Dye chain terminator chem-
istry (PE Biosystems, Foster City, CA) and the ABI PRISM 3700 DNA analyzer.
Sequence electropherograms were aligned and edited using customized software
(Gene Codes Corp., Ann Arbor, MI). Protein sequences were aligned using the
Clustal W program (39), and the alignment was edited using the GeneDoc
program (http://www.psc.edu/biomed/genedoc) to obtain the V3 loop alignment.

V3 loop sequences of clones were also analyzed to predict CXCR4 coreceptor
usage on the basis of the PSSM (http://ubik.microbiol.washington.edu/computing
/pssm/) (21), the loss of the g15 N-linked glycosylation site (amino acids 6 to 8)
(34), and the presence of basic amino acid residues at positions 11 and/or 25 (8,
14, 20). The results of these genotypic analyses were compared to the coreceptor
tropism assigned to the individual Env clones from the phenotypic assay de-
scribed above.

Phylogenetic analysis. Phylogenetic analysis of Env clones was carried out
using nucleotide sequence alignments of near-full-length gp160. Neighbor-join-
ing trees were generated using the Clustal W program, and bootstrapped values
for a 1,000 repetitions were obtained (19). The options to disregard gapped
columns and to attempt to correct for multiple hits were selected in the Clustal
W tree program. Two short hypervariable regions in V4 and V5 were also
excluded from the phylogenetic analysis (corresponding to HXB2 nucleotide
positions 402 to 410 and 462 to 465): these regions are rich in insertion/deletion
mutations, and experience has shown that they are often therefore associated
with convergent evolution. A consensus sequence was generated from the ear-
liest set of clones and used as an outgroup to root the tree. Viral subtyping was
performed by alignment of the gp160 nucleotide sequences from the patient
viruses against the HIV-1 subtype reference sequences available from the Los
Alamos HIV Sequence Database (http://www.hiv.lanl.gov/content/hiv-db/mainpage
.html). For all trees shown in this study, individual clones were assigned a
coreceptor tropism based on their behavior in the phenotypic assay.

Further phylogenetic analyses were performed on sequences from each pa-
tient, using the HXB2 reference sequence as an outgroup to root the tree and a
sequence from each of the other patients as representatives of current circulating
subtype B virus. These alignments were edited to exclude any gapped regions,
and phylogenetic trees were constructed using the maximum likelihood method
and maximum parsimony from PHYLIP 3.65 (http://evolution.genetics.washington
.edu/phylip.html): SEQBOOT was used to provide bootstrap values for input
into the maximum parsimony program, and a single tree was generated from the
output using CONSENSE.

Identification of circulating recombinant forms. Consensus gp160 sequences
were assembled from individual clusters of CCR5-tropic (five clusters) and
CXCR4-using (three clusters) Env clones, based on the output from the phylo-
genetic analysis. Outlying Env clones were then queried against these clusters
using the RIP tool available at the Los Alamos HIV Sequence Database (http:
//www.hiv.lanl.gov/content/hiv-db/mainpage.html). Phylogenetic trees were then
constructed using partial gp160 sequences on either side of any points of recom-
bination identified to identify the genetic origins of the recombinant virus.

RESULTS

CXCR4-using virus is not readily selected in vivo in the
majority of patients following CCR5-specific drug pressure
with maraviroc. Viral tropism was assessed phenotypically (us-
ing the PhenoSense HIV Entry assay) on days 1 (predose), 11
(posttreatment), and 40 (follow-up) for all 64 patients who
received maraviroc as part of trials A4001007 and A4001015,
as described by Fätkenheuer et al. (13). As has already been
reported, the mean decrease in viral load from baseline to nadir
in these patients ranged from �0.59 log10 copies/ml (25-mg QD
group) to �1.84 log10 copies/ml (300-mg BID group), with 51
patients experiencing a �1.0-log10 reduction in viral load (13).
During the tropism analysis, one patient (patient C) was iden-
tified as harboring dualtropic/mixed-tropic virus pretreatment
(discussed in detail below). The remaining 63 patients all har-
bored virus classified as exclusively CCR5 tropic at baseline. Of
these, 62 patients had at least one posttreatment phenotype
result (52 on days 10 and 40 and 10 on day 40 only). For one
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patient, neither of the posttreatment plasma samples yielded a
result in the PhenoSense assay. In 60 patients, no changes in
virus tropism were observed posttreatment. This indicated that
CXCR4-using virus was not rapidly selected in these patients.

CXCR4-using virus was detected in posttreatment samples
from two patients (patient A and patient B) who were previ-
ously antiretroviral treatment naive and received maraviroc as
monotherapy at 100 mg QD. Neither patient A nor patient B
could be distinguished from the other patients in the same
treatment group in terms of baseline CD4 cell count or max-
imal viral load reduction (Fig. 1).

Patient B was followed up and remained clinically well with
no antiretroviral treatment at 1 year after the start of the study.
The patient eventually started antiretroviral treatment on day
433 poststudy. At this time point, the patient’s plasma viral
load was not significantly different from that seen prior to
dosing (4.69 log10 copies/ml at both time points) but the pa-
tient’s CD4 count had declined significantly (to 219 cells/mm3

from 593 cells/mm3 on day 1 [predose]).
As highlighted above, patient C harbored mixed-tropic virus

on day 1 (predose). This patient had previously received treat-
ment with stavudine, lamivudine, didanosine, abacavir, and
nevirapine in various combinations over the course of 3 years
(all antiretroviral treatment ceased more than 1 year prior to
enrolling in this study). Screening results suggested that this
patient harbored CCR5-tropic virus only. In contrast, pheno-
typic characterization of virus samples obtained on days 1
(predose), 11, and 40 indicated the coexistence of viruses using
CCR5 and/or CXCR4 as their entry coreceptor. Further inves-
tigation of this apparent discrepancy, by sequencing of the
envelope open reading frame, revealed that the screening sam-
ple had been misidentified as belonging to patient C and in-
stead belonged to another patient who had attended the same
site on the same day. The screening sample that had been
assigned to this other patient was reported as dualtropic/mixed
tropic, consistent with the results for subsequent samples from

patient C. After 10 days of treatment with maraviroc at 100 mg
BID, patient C experienced no drop in viral load, in contrast to
the other seven patients in the same treatment group (13).
Pharmacokinetic parameters and CCR5 occupancy for this
patient were not significantly outlying from the other patients
in the group and therefore cannot account for this difference in
response (not shown).

CCR5-tropic virus reemerged as the dominant circulating
species after treatment with maraviroc was discontinued. For
patients A and B, the phenotypic entry assay assigned a CCR5-
tropic phenotype to the plasma virus from screening and day 1
samples (Table 1). In both patients, CXCR4-using virus was
seen to emerge by day 11. In patient A, circulating virus re-
verted to a CCR5-tropic phenotype at day 40, while in patient
B plasma virus remained dualtropic/mixed tropic. The RLU
output suggested dominance of CCR5-tropic virus in the day
11 sample from patient A and in both day 11 and day 40
samples from patient B. However, RLU output from popula-
tion phenotyping is not quantitatively related to the proportion
of CCR5- or CXCR4-tropic clones in a sample. To better
define the components of the viral populations in these pa-
tients, we carried out a clonal analysis of pretreatment and
posttreatment samples, including follow-up samples to day 433
for patient B. In addition, the results of phenotypic prescreen-
ing of multiple individual Env clones were analyzed to assess
whether a low frequency of CXCR4-using variants could be
identified in pretreatment samples (Table 2). Phenotypic pre-
screening is routinely performed by testing 100 to 200 Env
clones in individual wells of a 96-well assay plate to identify
functional Env clones for inclusion in a full PhenoSense HIV
Entry assay and for gp160 sequencing. Experience has shown
that approximately one-third of all Env clones in the assay
encode nonfunctional proteins (J. Whitcomb, unpublished ob-
servations). This prescreen information is additionally useful
for getting an approximate picture of the proportion of CCR5-
tropic and CXCR4-using variants from a large pool of func-

FIG. 1. Emergence of CXCR4-using virus following maraviroc treatment in 63 patients whose circulating virus was phenotypically characterized
as CCR5 tropic at baseline was not related to baseline CD4 or virological response to therapy. Each symbol represents one patient. Patients A,
B, and C are labeled.
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tional Env clones. However, false positives are possible with
this method if nonfunctional Env clones neighbor wells with
very high RLU outputs. It is therefore important to confirm
prescreening results in a PhenoSense HIV Entry assay for
important clones.

For patient A, phenotypic prescreening of 97 functional Env
clones at baseline identified two as CXCR4 using, both dual-
tropic. At day 11, although the majority of Env clones derived
from this patient were CXCR4 using, a large proportion of
clones remained CCR5 tropic. By day 40, only one Env clone
(of 91 analyzed) from patient A appeared to be CXCR4 using.
This clone did not give a signal in the full PhenoSense HIV
Entry assay, nor could it be reamplified for sequencing so its
tropism could not be confirmed. It is most likely that this
represented a false positive in the prescreening assay and was
in fact a nonfunctional envelope clone.

For patient B, no CXCR4-using virus could be identified
from 185 pretreatment (screening and baseline) clones. On day
11, 40% of Env clones were assigned a CXCR4-using pheno-
type. This proportion progressively declined over the follow-up
period, with CCR5-topic Env clones remaining the predomi-
nant species and accounting for more than 80% of viable Env
clones at 1 year posttreatment.

In patient C, the circulating virus was assigned a mixed
phenotype at baseline and this persisted at days 11 and 40
(Table 1). Clonal analysis revealed distinct CCR5-tropic,
CXCR4-tropic, and dualtropic variants with the CCR5-tropic
variants appearing to predominate (Table 2). Following 10
days of treatment with maraviroc, the proportion of viable Env
clones that were CCR5 tropic had dramatically reduced, sug-
gesting that they had been selectively inhibited by the com-
pound in vivo. By day 40, the proportion of CCR5 clones

predominated once more, indicating that short-term mono-
therapy with maraviroc in this patient had not resulted in a
permanent shift in overall coreceptor tropism.

CXCR4-using variants are genetically distinct from CCR5-
tropic clones in each patient, indicating a separate ancestral
origin. Full gp160 sequences were obtained for 12 Env clones
per time point amplified from pretreatment, day 11, and post-
treatment samples for each patient. Alignment of these se-
quences to reference consensus sequences representing the
various HIV-1 group M genetic subtypes indicated that the
circulating viruses from all three patients were typical of group
M subtype B strains (data not shown). A phylogenetic analysis
of the Env clones was then performed for each patient, with
each clone being phenotypically classified as CCR5 tropic or
CXCR4 using based on its properties in the PhenoSense HIV
Entry assay. As shown in Fig. 2, CXCR4-using variants de-
tected in each patient clustered together in the neighbor-join-
ing trees and were genetically distinct from CCR5-tropic vari-
ants. In patient A, the CCR5-tropic viruses clustered on a
number of small branches, with the main branch bifurcating:
one subbranch representing a small outlying group of CCR5-
tropic variants supported by a very high bootstrap value and
the other subbranch representing the group of CXCR4-using
variants (Fig. 2A). Within the subbranch of CXCR4-using vari-
ants, the gp160 sequences were monophyletic, with the day 11
virus clustering with the day 1 (predose) virus supported by
bootstrap values in the neighbor-joining tree. This was also
seen in the maximum parsimony and maximum likelihood
trees (not shown). This indicates that the CXCR4-using virus

TABLE 2. Phenotypic coreceptor tropism assignment from
prescreening of multiple clones derived from plasma virus

Sample
No. of
clones

analyzed

No. (%) of clones with
phenotypic tropism:

CCR5
tropic

CXCR4
tropic a Dualtropic

Patient A
Day 1b 97 95 (98) 0 2 (2)
Day 11 68 20 (29) 0 48 (71)
Day 40 91 90 (99) 0 1 (1)

Patient B
Screen 67 67 (100) 0 0
Day 1b 118 118 (100) 0 0
Day 11 52 31 (60) 0 21 (40)
Day 40 63 46 (73) 0 17 (27)
Day 203 46 31 (67) 2b (6) 13 (28)
Day 251 44 30 (68) 1c (2) 13 (29)
Day 308 49 32 (65) 4d (12) 13 (22)
Day 373 48 41 (85) 2e (4) 5 (10)
Day 433 52 34 (65) 16 (31) 2 (4)

Patient C
Day 1b 25 14 (56) 2f (8) 9 (36)
Day 11 15 1 (7) 5g (33) 9 (60)
Day 40 26 23 (88) 2h (8) 1 (4)

a The screening assay was less sensitive than the full PhenoSense HIV Entry
assay and had a tendency to score dualtropic clones as CXCR4-tropic. The
following numbers indicate where the clone was tested in the PhenoSense HIV
Entry assay for confirmation of CXCR4 tropism: b, 1/2 confirmed; c, 1/1 con-
firmed; d, 1/4 confirmed; e, 2/2 confirmed; f, 2/2 confirmed; g, 3/5 confirmed; h,
1/2 confirmed.

b Day 1 samples were taken before treatment (predose).

TABLE 1. Changes in viral phenotypic coreceptor tropism
assignment of plasma virus

Sample
Expression (RLU)a

Phenotypic tropism
assignmentCCR5 CXCR4

Patient A
Screen 2,219,574 120 CCR5 tropic
Day 1c 948,239 62 CCR5 tropic
Day 11 407,619 1,882 Dualtropic/mixed tropic
Day 40 2,764,746 63 CCR5 tropic

Patient B
Screen 961,223 70 CCR5 tropic
Day 1c 814,281 75 CCR5 tropic
Day 11 651,100 6,155 Dualtropic/mixed tropic
Day 40 535,470 8,006 Dualtropic/mixed tropic
Day 203 533,070 10,466 Dualtropic/mixed tropic
Day 251 272,529 20,981 Dualtropic/mixed tropic
Day 308 256,712 6,561 Dualtropic/mixed tropic
Day 373 663,924 11,369 Dualtropic/mixed tropic
Day 433 614,385 27,322 Dualtropic/mixed tropic

Patient C b

Day 1c 109,959 5,684 Dualtropic/mixed tropic
Day 11 2,258 58,074 Dualtropic/mixed tropic
Day 40 153,464 263 Dualtropic/mixed tropic

a Readings above background are shown in boldface.
b This patient was included in the study due to a labeling error with the

screening sample.
cDay 1 samples were taken before treatment (predose).
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detected at day 11 had emerged from a pretreatment reservoir
of circulating CXCR4-using virus and had not evolved by mu-
tation of a CCR5-tropic clone during maraviroc treatment.

The phylogenetic tree assembled from gp160 clones isolated

from patient B contained sequences obtained during follow-up of
this patient over the course of one year postenrollment. The tree
comprised three branches: a main branch, which included CCR5-
tropic viruses and CXCR4-using viruses and an outlying group of

FIG. 2. CXCR4-using variants are genetically distinct from CCR5-tropic clones in each patient. Shown are the results of phylogenetic analysis
of pre- and posttreatment gp160 sequences from patients A, B, and C (panels A, B, and C, respectively). Neighbor-joining trees were generated
using the Clustal W program from an alignment edited to remove V4 and V5. The “disregard gapped” columns and “correct for multiple hits”
options were selected, and a consensus sequence was generated from the earliest set of clones and used as an outgroup to root the tree. The
numbers at the nodes are values determined from 1,000 bootstrap trials Sequence diversity is represented by horizontal distance. The phenotypic
tropism assignment of the clones is indicated on each panel.
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CCR5-tropic viruses (Fig. 2B). The CXCR4-using viruses formed
a monophyletic group with a bootstrap value of 88% and were
distinct from the CCR5-tropic virus. This suggested that they had
arisen from an unidentified ancestor and not any identified
CCR5-tropic virus. This topology was also obtained using the
maximum parsimony and maximum likelihood methods (data not

shown). A single outlying CXCR4-using clone was identified in
the day 433 sample (Fig. 2B). A detailed analysis to understand its
likely origin is discussed below.

As discussed earlier, patient C had circulating CCR5-tropic
and CXCR4-using viruses on day 1 (predose). This can clearly
be seen in the phylogenetic tree as two distinct branches rep-

FIG. 2—Continued.
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resenting, separately, CCR5-tropic and CXCR4-using variants
(Fig. 2C). The significant bootstrap values observed in the
neighbor-joining tree were supported in the maximum likeli-
hood and maximum parsimony trees (not shown). This con-
firmed that the CXCR4-using virus sequenced at the posttreat-
ment time points had evolved from the preexisting circulating
CXCR4-using virus and not from the CCR5-tropic population.

A single Env clone from patient A was assigned a CCR5-
tropic phenotype and clustered with the CXCR4-using clones
(Fig. 2A). Closer examination of the tropism data obtained

with the pseudovirus derived from this Env clone revealed low
RLU readings on CCR5-expressing cells in the PhenoSense
HIV Entry assay (1,206 RLU), indicating that it had low in-
fectivity. This may explain why a signal was not obtained on the
CXCR4-expressing cells. Consistent with this was the fact that
the sequence of the V3 loop for this clone was indicative of a
CXCR4-using clone (Table 3).

V3 loop sequence analysis of Env clones from patients A, B,
and C identifies genetic correlates of coreceptor tropism. For all
three patients, V3 loop sequences of clones assigned a CXCR4-

FIG. 2—Continued.
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using phenotype differed from the sequences of clones assigned
a CCR5-tropic phenotype (Table 3). Consistent with published
algorithms for predicting coreceptor use from V3 loop se-
quence (8, 14, 20, 21), the predominant change was the pres-
ence of a basic amino acid at position 11 or 25 (11/25 algo-
rithm) of the CXCR4-using clone. Use of this method to predict
CXCR4 coreceptor usage correctly assigned all CXCR4-tropic/
dualtropic clones from patients A and C and 10 of the 13 unique
V3 loop sequences of CXCR4-tropic/dualtropic clones from pa-
tient B (Table 3). All 10 CXCR4-using clones from patient A and
6 of 28 CXCR4-using clones from patient B carried an arginine at
position 11; similarly, all 20 CXCR4-using clones from patient C
carried a lysine at position 25. In general, basic substitutions in the
V3 loop were more frequent in the dualtropic and CXCR4-tropic
clones. For example, in patient C an increase in charge of the V3
loop was observed caused by the insertion of two amino acid
residues (arginine and tryptophan) between positions 17 and 18.

Genotypic prediction of viral tropism based on the PSSM
method of Jensen et al. (21) correlated with the phenotypic

tropism assigned to the virus for all clones from patient A and
11/12 unique V3 loop sequences of Env clones from patient C.
However, in patient B, the PSSM scores failed to predict
CXCR4 usage in all but three sequenced clones assigned a
CXCR4-tropic phenotype. Instead, the loss of the g15 N-linked
glycosylation site (amino acids 6 to 8), reported to enable more
efficient use of CXCR4 (34) and observed in all 28 CXCR4-
using clones, appeared to be the most reliable genotypic pre-
dictor of CXCR4 usage in this patient.

Identification of a genetically outlying CXCR4-using variant
generated by recombination between CCR5-tropic and CXCR4-
using ancestors. As identified above, one genetically outlying
CXCR4-using clone was identified from the day 433 sample of
patient B that grouped with the CCR5-tropic clones in the phy-
logenetic tree. Its position in the tree varied dramatically, depend-
ing upon whether N-terminal or C-terminal regions of the gp160
gene were excluded from the analysis, suggesting that it may
represent a recombinant variant. The Env sequence from this
outlying CXCR4-using clone was compared to the sequences of

TABLE 3. V3 loop sequences of functional Env clones

Day(s) (no. of clones) V3 loop amino acid sequencea

Tropism assignment by:

Genotypic algorithmb

Phenotypec

11/25 PSSM NNN

Patient A
CCR5-tropic clones (25) ---------11------------25----------

Days 1 (4) and 11 (3) CIRPNNNTRKSINVGPGRALYATGEIIGNMRKAYC CCR5 CCR5 CCR5 CCR5
Days 1 (3) and 40 (3) -T--------------------------------- CCR5 CCR5 CCR5 CCR5
Day 1 (1) -T-L------------------------------- CCR5 CCR5 CCR5 CCR5
Day 1 (1) -T--------------------A------------ CCR5 CCR5 CCR5 CCR5
Day 1 (1) ----------G-HI---G-F----D---D--R-H- CCR5 CCR5 CCR5 CCR5
Day 40 (2) -T-----------------F--------------- CCR5 CCR5 CCR5 CCR5
Day 40 (5) ----------G-HL---G-F----D---D--R-H- CCR5 CCR5 CCR5 CCR5
Day 40 (1) -----------VHI---G-F----D---D----H- CCR5 CCR5 CCR5 CCR5
Day 40 (1) -----------VHI---G-F----D---D--R-H- CCR5 CCR5 CCR5 CCR5

CXCR4-using clones (11) ---------11------------25----------
Days 1 (1) and 11 (1) -T--------R-YI---G-F--------D------ CXCR4 CXCR4 CCR5 Dual
Days 1 (1) and 11 (3)d ----------R-YI---G-F--------D------ CXCR4 CXCR4 CCR5 Duald

Day 11 (2) ----------R-YI---G-F--------------- CXCR4 CXCR4 CCR5 Dual
Day 11 (3) -T--------R-YI---G-F--------------- CXCR4 CXCR4 CCR5 Dual

Patient B
CCR5-tropic clones (70) ---------11------------25----------

Prescreen (8), days 1 (4),
11 (5), 40 (5), 203 (3),
251 (3), and 373 (1)

CTRPSNNTRKGIHIGPGSAFYTTGAIIGDIRQAHC CCR5 CCR5 CCR5 CCR5

Prescreen (1) ---------------------A---------H--- CCR5 CCR5 CCR5 CCR5
Prescreen (3), days 1 (1)

and 11 (2)
----N-----S-P----K----------N------ CCR5 CCR5 CCR5 CCR5

Days 1 (5) and 40 (3) ---------------------A------------- CCR5 CCR5 CCR5 CCR5
Days 1 (1) and 373 (1) -----------------G-I-A------------- CCR5 CCR5 CCR5 CCR5
Days 1 (1), 203 (1), and

308 (1)
-----------------G-I--------N------ CCR5 CCR5 CCR5 CCR5

Day 203 (1) -----------------G-I--------------- CCR5 CCR5 CCR5 CCR5
Day 203 (1) ----------S-PM---R-I-A------------- CCR5 CCR5 CCR5 CCR5
Day 203 (1) ----N-----S-PL---K----------N------ CCR5 CCR5 CCR5 CCR5
Day 251 (1) ----N--------L-------A------------- CCR5 CCR5 CCR5 CCR5
Days 251 (1), 308 (4),

373 (7), and 443 (5)
---L------------------------------- CCR5 CCR5 CCR5 CCR5

Day 308 (1) ----N-----S-PL---K---A------N------ CCR5 CCR5 CCR5 CCR5

Continued on facing page
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the CCR5-tropic and CXCR4-using variants from the same pa-
tient that were closest in similarity, using the RIP tool from the
Los Alamos HIV Sequence Database. This analysis tool is typi-
cally used to identify circulating recombinant forms in patients
with evidence of infection with mixed genetic subtypes. The out-
put of the RIP analysis clearly shows a likely recombination event
between a CXCR4-using virus (in the N-terminal region of Env)
and a CCR5-tropic variant (in the C-terminal region of Env)
(Fig. 3). The likely crossover falls at approximately amino acid
residue 350 (1,050 bp into Env), corresponding to the C4 domain
within gp120. To confirm this finding, two phylogenetic trees were
drawn, using the 36 Env clones from the last three time points
(data not shown). In the first tree, in which N-terminal domains
up to and including the V3 loop were included in the analysis, the

outlying CXCR4-using clone from day 433 strongly associated
with the CXCR4-using clones. In contrast, in the second tree, in
which the C-terminal domains were included from C4 to the end
of gp41, the outlying CXCR4-using clone from day 433 associated
with the CCR5-tropic clones. No other recombinant viruses were
identified among the 107 other Env clones analyzed from this
patient over the course of approximately 1 year of follow-up,
suggesting this was a relatively rare event.

DISCUSSION

In this study, we examined the coreceptor tropism of plasma
HIV-1 in 64 patients enrolled in two studies of the CCR5
antagonist maraviroc, given as short-term monotherapy to

TABLE 3—Continued

Day(s) (no. of clones) V3 loop amino acid sequencea

Tropism assignment by:

Genotypic algorithmb

Phenotypec

11/25 PSSM NNN

CXCR4-using clones (38) ---------11------------25----------
Days 11 (5), 40 (4), 203

(4), and 251 (5)
----NS----S-P----R----------------- CCR5 CCR5 CXCR4 Dual

Day 251 (1) ----NS----S-P----R----------------- CCR5 CCR5 CXCR4 CXCR4
Day 203 (1) ----NS----R-P----R----------------- CXCR4 CCR5 CXCR4 Dual
Day 203 (1) ----NS---ER-P----R----------------- CXCR4 CCR5 CXCR4 CXCR4
Day 251 (1) ----NS---RS-P----R----------------- CCR5 CCR5 CXCR4 Dual
Day 308 (1) ----NS--V-R-P----R----------------- CXCR4 CCR5 CXCR4 CXCR4
Day 308 (1) ----NS--G-S-P----R------D---------- CCR5 CCR5 CXCR4 CXCR4
Day 308 (1) ----SS--M-R-P----R----------------- CXCR4 CCR5 CXCR4 CXCR4
Day 308 (2) ----NS----S-P----R------D---------- CCR5 CCR5 CXCR4 Dual
Day 308 (1) ----SS----S-P----R------D---------- CCR5 CCR5 CXCR4 Dual
Days 373 (1) and 433 (1) ----NS--M-R-P----R------T---------- CXCR4 CXCR4 CXCR4 Dual
Day 433 (2) ----NS--M-R-P----R------T---------- CXCR4 CXCR4 CXCR4 CXCR4
Day 373 (1) ----NS--M-R-P----R------T--------R- CXCR4 CXCR4 CXCR4 CXCR4
Day 373 (1) ----NS--M-R-P----T------N---------- CXCR4 CXCR4 CXCR4 CXCR4
Day 433 (1) ----NS--M-R-P----T------T---------- CXCR4 CXCR4 CXCR4 Dual
Day 433 (1) ----NS--M-R-P----T------T-V-------- CXCR4 CXCR4 CXCR4 CXCR4
Day 433 (1) ----NS--M-R-P----R------N---------- CXCR4 CXCR4 CXCR4 CXCR4
Day 433 (1) ----NS--M-R-P----R----------------- CXCR4 CCR5 CXCR4 CXCR4

Patient C
CCR5-tropic clones (18) ---------11--------------25----------

Days 1 (6), 11 (1), and
40 (9)

CTRPNNNTRRNIHMGPG--RSLYATGEIIGNIRQAYC CCR5 CCR5 CCR5 CCR5

Day 40 (1) ----S-------------------------------- CCR5 CCR5 CCR5 CCR5
Day 1 (1) -------------T----------------------- CCR5 CCR5 CCR5 CCR5

CXCR4-using clones (20) ---------11--------------25----------
Days 1 (3) and 11 (3) ---------KS-K--L-RW------EK---------- CXCR4 CXCR4 CCR5 Dual/CXCR4
Days 1 (2) and 11 (1) ---------KS-N--L-RW------GK---------- CXCR4 CXCR4 CCR5 Dual
Days 1 (1), 11 (2), and

40 (1)
---------KS-N--L-RW-----IGK---D----H- CXCR4 CCR5 CCR5 Dual

Day 1 (1) ------S--KS-K--L-RW------GK---------- CXCR4 CXCR4 CCR5 CXCR4
Day 11 (2) ---------KS-N--L-RW------EK---------- CXCR4 CXCR4 CCR5 Dual/CXCR4
Day 11 (1) -A-------KS-N--L-RW------EK---------- CXCR4 CXCR4 CCR5 Dual
Day 11 (1) ------Y--KS-N--L-RW-----IGK---D------ CXCR4 CXCR4 CCR5 CXCR4
Day 40 (1) ------Y--KS-N--L-RW-----IGK---D----H- CXCR4 CXCR4 CCR5 CXCR4
Day 11 (1) ---------KS-K----RW------EK---------- CXCR4 CXCR4 CCR5 CXCR4

a Amino acid positions 11 and 25 are in boldface, and amino acids at these positions associated with CXCR4 tropism are underlined. Amino acid changes relative
to the earliest clone are shown. Amino acids associated with CXCR4 use are in boldface.

b Determined using the 11/25 algorithm (8, 14, 20), the PSSM of Jensen et al. (21), or the presence/absence of a glycosylation site (NNN) (34). Boldface entries
indicate instances where the genotypic call did not correlate with the assigned coreceptor phenotype.

c Determined using the PhenoSense HIV Entry assay.
d Virus derived from patient A, day 11, clone 10 clustered with dualtropic clones in the genotypic analysis but in the PhenoSense assay gave very low RLU readings

only on CCR5-expressing cells.
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HIV-1-infected asymptomatic individuals harboring CCR5-
tropic virus. Coreceptor tropism of circulating virus was as-
signed phenotypically before and after maraviroc treatment
based on the ability of pseudoviruses, expressing gp160 enve-
lopes amplified from patient plasma, to infect cells coexpress-
ing high levels of CD4 and either CCR5 or CXCR4. Of the 64
patients who received maraviroc, one patient was subsequently
shown to carry CXCR4-using virus at screening and was thus
inadvertently enrolled in the study and one patient had no
posttreatment phenotype result. Of the remaining 62 patients,
CXCR4-using variants were not rapidly selected in 60, despite
the counterselective pressure of treatment for 10 days with
maraviroc (as evidenced by the drop in viral load of �1 log10

copies/ml experienced by 51 of these patients). CXCR4-using
virus was detected at day 11 in two patients, with both patients
experiencing a significant drop in viral load from baseline,
indicating a clinical response to maraviroc.

Selection of CXCR4-using variants within a patient could
theoretically arise by mutation from a CCR5-tropic ancestor
(“coreceptor switch”). This pathway has been described in
vitro using serial passage conditions in which CCR5 receptor
levels are limiting (9, 17). However, other in vitro studies
using a range of CCR5-tropic HIV-1 strains suggest that the
molecular pathways to coreceptor switching frequently in-
volve multiple mutations throughout the gp160 sequence,
with transitional intermediates characterized as having di-
minished replication fitness and less efficient coreceptor us-
age (30). Site-directed mutagenesis studies have further re-
vealed that accumulation of these mutations occurs in an
ordered fashion, adding further complexity to this pathway of
escape (28). The fact that outgrowth of preexisting variants
rather than coreceptor switching was seen in these two patients

treated with maraviroc is consistent with there being a high
genetic barrier to this pathway.

Selection of preexisting CXCR4-using variants in patients is
also theoretically possible during treatment with a CCR5 an-
tagonist. In carefully controlled experiments, phenotypic tro-
pism assays, such as the one used in this study, have been
shown to have a sensitivity of approximately 10 to 20% (5; J.
Whitcomb, unpublished observations). We did not perform a
clonal analysis of plasma samples from patients who remained
CCR5 tropic. However, in the majority of patients enrolled in
this study, virus derived from the day 11 posttreatment plasma
sample remained CCR5 tropic despite a viral load reduction of
greater than 1 log10 copies/ml from baseline. Therefore, it is
reasonable to conclude that any CXCR4-using variants preex-
isting in these patients comprised �1 to 2% of the pretreat-
ment circulating virus.

To further evaluate whether coreceptor switching or emer-
gence from a preexisting CXCR4-using reservoir was the most
likely explanation for the change in tropism seen in patients A
and B, we undertook a detailed phylogenetic analysis of indi-
vidual envelope clones derived from pre- and posttreatment
samples. This clonal analysis also allowed us to determine the
proportions of CCR5-tropic, CXCR4-tropic, or dualtropic
variants within plasma samples classified as dualtropic/mixed
tropic. All the plasma virus samples assigned a dualtropic/
mixed-tropic phenotype from patients A and B contained dis-
tinct CCR5-tropic and dualtropic variants. In some cases,
CXCR4-tropic variants were also present. At no time point, in
either of the patients, were CXCR4-using variants found to be
the only circulating species, indicating that during the course of
treatment there remained a CCR5-tropic component to their
circulating virus. The prescreening of individual Env clones

FIG. 3. Evidence that a CXCR4-using Env clone in patient B arose as a result of recombination between CCR5-tropic and CXCR4-using
variants. An outlying CXCR4-using Env clone from day 433 was compared to CCR5-tropic (red) and CXCR4-using (blue) variants from the same
patient using the RIP tool (Los Alamos HIV Sequence Database: http://www.hiv.lanl.gov/content/hiv-db/mainpage.html). The graph indicates the
similarity between the outlying Env clone and the CCR5- and CXCR4-using variants (y axis) at each position along the entire gp160 sequence
(x axis), using a window length of 200 bp. The thickness of each line indicates the confidence in the best match, with a thick line representing �95%
confidence. The green arrow shows the point of likely recombination at approximately 1,050 bp.

4918 WESTBY ET AL. J. VIROL.



identified the existence of a minority population (2%) of
CXCR4-using variants on day 1 (predose) in patient A but not
in patient B. This low incidence is consistent with the CCR5-
tropism assignment of this pretreatment plasma sample given
the expected sensitivity of phenotypic tropism assays (5). Im-
portantly, phylogenetic analysis of viruses present in sequential
samples from these two patients indicated that the CXCR4-
using variants that emerged during treatment were most likely
derived from a pretreatment CXCR4-using reservoir and not
by mutation from the CCR5-tropic population.

The emergence of CXCR4-using virus in patients A and B
could be the result of either the outgrowth of CXCR4-using
virus given a selective advantage conferred by suppression of
CCR5-tropic virus or potent suppression of CCR5-tropic virus
allowing the detection of the previously masked CXCR4-using
virus. Both patients A and B experienced a significant reduction
in viral load on treatment (0.71 log10 and 1.26 log10 copies/ml,
respectively). The specific inhibition of �80% of the CCR5-tropic
virus in these patients would mean that low levels of CXCR4-
using virus, which previously represented a proportion of the total
pretreatment virus below the limit of detection of the pseudovirus
assay, could then represent a detectable proportion of the virus
remaining in circulation without increasing in absolute number.
While CXCR4-using viruses appear to replicate more rapidly
than CCR5-tropic viruses in vitro (2, 11, 15), if this were the
case in vivo, then selective treatment pressure against CCR5-
tropic virus might have been expected to result in rapid dom-
ination of CXCR4 variants in the viral population of these two
individuals and an earlier rebound in viral load. However, in
both patients, CCR5-tropic virus persisted throughout the
treatment period and became dominant after treatment was
discontinued. The viral load rebound in patients A and B was
also indistinguishable from that experienced by other patients
in the same treatment group. These results suggest that strong
selective pressure acting against the dominance of CXCR4-
using viruses was preserved in these patients (4, 27, 29).

We were unable to identify retrospectively any clinical mark-
ers that would have predicted that CXCR4-using virus would
emerge in patients A and B but not in the other patients
receiving maraviroc or in the patients receiving placebo. Nei-
ther the baseline CD4 count (as a marker of disease progres-
sion) nor the change in viral load during therapy (which may
unmask low levels of preexisting CXCR4-using virus) of pa-
tients A and B was outlying in the study group. Other factors
may be predictive of the emergence of CXCR4-using viruses in
patients undergoing therapy with a CCR5-specific antagonist,
and it may take large epidemiology studies, such as those
described recently for CCR5 and CXCR4 usage, to identify
clinically useful correlates (4, 29).

In the patient with a dualtropic/mixed-tropic virus population
present in pretreatment plasma (patient C), even though an over-
all viral load reduction was not apparent, the proportion of
CCR5-tropic virus present in the viral population did decrease,
demonstrating that the CCR5 tropic component of this viral pop-
ulation with mixed tropism remained susceptible to maraviroc.
This absence of clinical response (in terms of viral load reduc-
tion) can be explained mathematically and is consistent with
results in patients harboring dual/mixed tropic virus who were
treated with the CXCR4 coreceptor antagonist, AMD3100
(18). Prescreening of individual Env clones derived from pa-

tient C’s pretreatment plasma sample estimated that approxi-
mately 56% of the circulating virus was CCR5 tropic. Even if this
CCR5-tropic virus was decreased by several log10 copies/ml, with
the CXCR4-using component remaining unchanged, the maxi-
mum overall reduction in viral load would remain �0.4 log10

copies/ml (4, 31, 38).
Phenotypic characterization of individual CXCR4-using Env

clones was generally consistent with the genotypic assignment
of tropism, based on the changes in the V3 loop associated
with CXCR4 usage (8, 14, 20, 21, 34). For example, there was
100% concordance between the PSSM method and the phe-
notypic assignment for CXCR4-using clones from patients A
and C. However, in patient B, use of the PSSM method to
assign probable tropism based on the Env sequence failed to
identify the majority of CXCR4-using viruses from samples
taken at follow-up time points. In these clones there were
other genetic correlates of CXCR4 usage: a loss of the glyco-
sylation site at position 6, an increase in positive charge of the
V3 loop, and a change from arginine to serine at position 440
(20, 34). An algorithm that combines information from a range
of sequence positions within gp120 may be needed to improve
the genotypic predictability of coreceptor tropism. Indeed, re-
gions outside the V3 loop are known to influence coreceptor
tropism, as evidenced by the work of Mosier and coworkers
(11, 28).

The identification of a likely recombinant virus in patient B
at day 433 resolved the apparent discrepancy between the
phylogenetic analysis, where the day 433 clone grouped with
the CCR5-tropic clones, and the phenotypic classification of
the same clone as a CXCR4-using virus. This observation in-
dicates that the genetic determinants of coreceptor tropism
were localized to the N-terminal region of the recombinant—
consistent with the V3 loop playing an important role in core-
ceptor recognition. The origins of this recombinant clone are
not certain; it could have been generated by recombination
during the PCR amplification of plasma viral RNA or by a
recombination event in vivo.

The possibility exists that any plasma virus sample assigned
a CCR5-tropic phenotype may harbor CXCR4-using virus that
could emerge when CCR5-tropic virus is suppressed. However,
in patient B, prescreening large numbers of pretreatment Env
clones did not predict the emergence of CXCR4-using virus
posttreatment. In addition, patients A and B, who both har-
bored virus that was assigned a CCR5-tropic phenotype on day
1 (predose), experienced a good clinical response to treatment
with maraviroc, comparable to the mean for the dose group.
Therefore, it appears that CXCR4-using virus present at levels
below the limit of detection of the phenotypic assay is unlikely
to compromise the overall response to maraviroc, at least in
the short term. Monitoring of patients treated with maraviroc
in combination with an antiretroviral background in phase
II/III clinical trials will help to establish the clinical relevance
of these findings.
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